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Summary · 

GJ.a11<>J>oroa 
A.PvWab&tll' 

l. For an armor to be effect1vo0 the kinetic energJ of the aoving 
a1as1le ll\lat be abaorbed and 41••1pated. Two main propertiea caabine 
to aake up a good armor~ 11 toughneu" and 11 4r&«" reli1.tancoo 

2o Two specific features of the proJect1le are involved~ the ef= 
fective area of iapaet on. the armor 0 and the profile and au.rface area 
for drag rea1&t8Jlce" Increaae in tho area of impact and ill the 41'8«- . 
ginc area effects an increase 1n.ball1at1c perforaance of a given 
armor materiala Thia inoreaae ma7 be accomplilhed b7 llU.Bhroomingn 7aw­
ill8 and breaking QP the projectileo Ju.rther increaee in performan~e may 
be obtained by a "•a••" effect or "tree obJect' effect whtch acta to · 
.lovel" the velocity v1th which the armor 1e atruok., Deflection or 
ricochet of the mlseile ia alao to be coneidtreda 

3,, A nev combinat1oo. of mELter1all hae been developed which baa 
potential value aa armoro Thia armor 18 aa~e up of glaea bonded to 
Dox·on and 1-. the result of a happy coabinatlon of theor7 and experi:.. 
ment .. · In u•e the glaaa iB placed on the front eurfaoe towar4a the 
point of upected impaoto Gla•e-faced Doron tn>e laminate• have been 
aade for experiaental u•e b7 tbe ~alnt D1vision0 Plttabu.rgh Plate Glaa 
CompaJ11'" 

4o Teeting of dngl eaaplee of araor vaa accompl1ehea u81ng a 
Ball1at1c Box wh1Ch enabled direct caapar1•on between the mlaaile 
reeietance ot the Wlknown IBllple and a civen etandard material. Doron~ 
kindly :furnished by the Office of the Qµ.artermaater General., MJA7 
Service Forceep vaa ueed. aa the etandarda ·The teat g\lDB were the 
U.S. Carbine w1tb 110 grain bullet at 1900 feet pel" aecond~ RDd the 
U~S, Springfield with M2 (ball) 150 grain bullet at 2700 feet per eecond, 

5. !hJoee kinda of glaae-taced Doron were teatedg Window gla••o 
plate·gla••n and Rerculite glaea" Sample• of Hadfield manganeae utee~ 
bonded to Daron vere al10 te1teda 

60 Tlie average per cent rating of Glaa1-Doron combination• 
aca1net the carbine compared to Doron vaa 6402 0 &.lid the average 
critical. weight of Glaaa-Doron to Juat reeiat the carbine was 3n?O 
pound• per •qua.re foot compared to 50?6 pound• per qu81"e foot for 
Do ron alone o 

?o The addition of a four-pl7 flexible Doron cushion between 
the glaH and the Doron 41d not meaau.rabl.7 increase perfonaanceo 

80 The average pe~ cent rating ot·Gla11-Doron &gRinet the Sprins~ 
f1el4 M2 (ball). compared to Doron va 690 7 at a cri t1eal weight of 
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Gla11.c....Dol'l):4 
&.,. P ~ \'~b lit er 

9 o 37 pound per 1qu.are foot compared to l3o 44 pound• per equ.are 
foot tor Doron aloneo 

9o Hadfield eteel bond'!d to Doron wae not auperlor to Doroa 
&lOMa 

lOo fhe ratio of the weight of al'lllor material to Jv.et atop the 
carbine to the weight ot armor to Ju.at •top the M2 (ball) wae VW7 
cloae to the ratio of the kinetic energiee ot the reepective bu.lletsu 

llo Suffloient data was not obtained to evaluate the influence 
ot the t7p• ot gla11 ~•ed ae a facing for Dorona The three t)'})el 
above4 little difference under the method of teatina u.1ecln 

12~ Sucgeetion• are made for f\J.ture re1earch and for determining 
the optilmm ratio of glass to Doron for maxinum balli1tic atf1ciencyo 

/ 
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Glatiill=Dorcu• 
A..P,, We~1J~Gr 

1. Princi2le Behind Gle.eo-Doron Almor:~ Theory alone indice.\ee 
that for an. ar or to r.top any given proJ9otile the kinetic euer81' of 
the moving R1asile muet be absorbed, lo generalo the armor should 
have the physical property of "toughness• which repreeente the abilitT 
of the ~eterial to deform without r~pture, to "detrude under impact~ ~ 
and hence, the ability of the material to hElve vork done upon it b7 
the moving misaileo •To~eae• 18 meaeured b7' the area under an 
impact 1tren~Oefonnation cu.rv~ taken to the point of ru.pture" The 
relation between this measure of •toU&hneae~ nnd the etatic etrees­
defor11&tion curve neede more careful evaluation. Thia property of 
•to~eaa• 11 moet generally annifoat when the proJeot1le 1• lB.rge 
1n compariaon with the thiclme1a of ·the ermor ,, end hence., when the 
projectile does not enter the material iteolf but rBther ~presses 
on the eurface" of the armor. 

In addition to the above 0 certain armor mnteriala have the 
ability to 11 toak up" kinetic energy by.virtue of the 1Dherent reaiat­
~nce of the material to penetration after the missile hae embedded 
itself in the aubete~ee. Thie property 11 somewhat analogoue to 
vi1co1ity or dr~ in a fluid or gaa and ita effect 1ncreaaee with 
increa1e in the surface area of the projectilen Thia propertyD 
which l have cs.Ued tt4rag• to diatiD.&Ui•h it from 11 toughne11 11 is 
of particular 1t4portance in the caee of ~mall proJect1le• such aa 
frapente f1·om grenade an4 ahelll in which the au.rtace ar• h 
lerae compared to the ma11 . 

The preceding paragraph• have argu.ed that in order to atop 
a aoving prcjectile0 th• kinetic energy must be absorbed. The 
question arieea a to what can be done to fu.rther the absorptive 
power• of a given Brmor material~ Baaed on the property of 
"touglmees" the energy- absorbed will 1ncreaae ae the effect1Ye area 
of impact (or th• effective caliber) of the projectile 11 increaeed. 
fhue 0 tba loading per unit area should be made ae emall as poaeibleo 

Obvioualy~ one osn drive a nail through a board0 but it 11 
di!f'icult to drive the head of the hBIUller thrc1ugb the boardq Baaed 
on the prop~rt7 of "drag• the energy absorbed will increa1e a• the · 
1urface area o.f the miSDile 11 1ncrea1ed. Therefore 0 to accomplieh , 
an increase in the area of illpact we muet aproad the blow from the 
projectilep· Bild to accomplish an increase in the dra&ging area ve 
mutt.break up the projectilep Spec1tica1170 ve mAJ" inoreaae the 
energy absorbed by a given armor material by 

ao increase in tho area of impact 0 by 
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l. mushronming the pr0Jectile 0 

2. yawing the pr0Jectile0 

3~ breaking up the proJectile into amaller 
frB&Jllen ts D .and 

b. 1ncreaae in the suztface area b7 

1. breaking up the projectile into amo.ller 
fragments. 

Glau~noron 
A.PoWebater 

Two other po•s1ble tector1 0 not directly relnted to the pre­
ced1nc llJlq enter the picture in the 4H1gn of armor: 

a~ deflection or ricochet of the proJectile by 

lei ha.rd aurf ace 0 and 

bn a •mae " effect or "free obJect" effect in which .eec­
onclary missilea are formed and the armor 1• ultimlitel7 etruck at 
reduced velocities. Thie may be of particular value· for armor which 
haa lapact 4uct111t7 at low veloc1t1•• but not at high veloc1i1ee. · 

Pr•viou1 nemoranda to Rear Admiral B. w •. Seith (MC)» USR,, of 
· 30 Ju.ne 19450 16 March 19450 8 l'ebruar7 '19450 a October 19440 22 Sep.­
tuber 1944~ and 5 .Auguet 19440 have given the reeulta of experimentt 
deaiped tlo yaw" break up and deflect bullet1· froa Oo30 caliber r1fle10 

u•ins "grill ot variou 9hape1 on the aurtace of Doron. 'l'heae gr1llm 
wore ccmpoeed of hardened steel rode" 1teel U-cb81Ulela" e·teel p1J'Uida 
(to cut and r1p) 0 and glas· epheree (to increaae area of impact 0 yaw0 

break a.p11 deflect 0 aod produ.ce aecondary aiaeile•). In general 0 the 
conclu1ion1 from these expe!'imente were to corroborate the principle• 
outlined ab.ove 0 ud to u.cgeet the u•e of the hardeet 1ubatance 
obtainable tor bondinc to the aurface of Doron 1n order to muahroom 
the bullet 0 yaw it 0 deflect it 0 and break it upo Accol'dingl.70 . IBllple 
of gla•• bonded to Doron were procured for teat1~o 

2. ~he 'l'e t~e~ial::- 'l'hroagh the k1ndne11 of Dr. E R Ba\lal) 
Special Technical Repreee.ntative~ Paint Divhiono and Dr. W. B. ·IvcaA.., 
Ditector0 Paint Dhiaion B.eaearch"' of the Pltt1burp Plate GlaH 
Compauyu a DWllber of 8811ple1 of window gla••D plate glaa1 and Hereul1te 
glae1 were bonded to Doron in 15 and 21 pl7 and aent to me tor to1tingo 
Some ot the 1uple1 werta made by cementinc 15 ply and 21 p!7 lloron. 
(Sel-.ctron5003 b a~r) to the -varioue type• ot glaee using modified 
Selectron 5003 ~e in. Other 1amplea.were made by laminating the gla• 

• 



Glae~---Doron 
.A,PoWebeter 

cloth and cementing to tbe glr.1• siisulteneoualy0 ioe. 0 a one-etep 
proces in the manufaoture of gla•e-taced Daron type laainateao Still 
other ar1mplea vere made u.aing a ·cushion of Selectron 5009 flexible 
type Doron between the glass and the Selectron 5003 plAatic armor 
(Doron). In addition, BAllplea of Bkd1'1eld ~angeneee eteel bonded to 
Doron were included in the aeries. Samplea ot bu1let-resi atAnt glase 
were also'obtained. A complete liet of code nwnbera and method of 
manufacture ae given me by Dr. 1'vcan is reproduced in Table l. 

3. _l!!.hod o! 're__t i n ~- After the original 1deB of u..sing a !Acing 
of glase bonded to Daron wee propoaed and the eample1 received froe 
the Pittaburg)l Plate Glaaa Oomps.n7, the problem e.roae aa to how to ~eat 

· 1ingle eamplee of en unknown armor material. Ob•ioueqD one would 111iah 
to eTaluate the unknown E111ple1 in terma of tome 1tAndard11 au.ch ae 
24 s~ elwn1nua alloy. Other.br-lliatic reeearch groupe do Jut th1e 
u11ng·a nwnber ot esmplea and simulated fragment• at meaeured veloci­
tiee, firing until a •limiting veloclt7•, critical for penetrat1on0 

1• tound~ Then the weight ot the unknown eaaple is compnre40 on a 
percentage ba1110 with the· eight of a •talldard (24 ST aluminua alloy) 
which 18 alao Juet critical for thie velocity and weight fragmento 

Thi procedure ae beyoud the 1cope of the facil1tie at the 
Bu.reau of Medicine and Surgo17 0 and turther require• a number of the 
eame t7]>e ~·f eaaple•D _ Accordincl7, a simple 11etbod of testing wae 
4evi1ed which required but one unlalown aaple and C°'1ld be done with­
out laboratory facilitie1. A thorough de cription of 'the·teat device~ 
aetho4 of testing and procedure to eYaluate the armor vae giTen in a 
auaorandum to Bear A4111ra.l H. W. Smith (16 March 1945)0 

Br1efl1e the teet device con1i1t of a Ball1et1c Box or Bal-
11etio coaparator co poeed nf a aerie• of 1/2 incl>. thick elabe of 
alwllinua, e by 8 1nche •qu,areo with a bole 4-l/2 inch•• 1n dlemeter 
1n the center. The •laba are • tacked wi,tb. plBtea of the etanclard 
material (to whiCh the unknown ie ,to be referred on a percentage 
baala) bet een each 1lab0 the whole then being held together bT meene 
of four long threaded bolt• at each corner. !he teat temple of Wl­
knovn armor material ia pl&oed betveen the firat and. eecond elabo 
The gape bet een the alabe are denoted a1 1oneau 

The Ballietic Box reYer1e1 the u1UBl laborato17 procedure 
of firing ~ proJectile at Yariou1 velocities aga1net a nwnber of 
•ample10 but ueee 1n1tead a con1tR11t fN!lo h~•1ng a know bullet we1«bt 
and velocity~ fired against a eingle unknown eample which 11 be.eked 
up by eheeta of a 1tE'n41lr4 materhl to vhich the unknovn la · to be · 



DoroJl· 

TABLE l 

Glae .... Doron 
A.P.Webster 

CODJI fBCC-16§} Preeaure Uecd 
-Bookbindert1 e clempa -~{i611 

GlP.H ___ Re~arlc1 
Str~icht ctii8nti;g­

w i th Bild! ield 
Selectron 5003 

160 - 40 15 .. plJ 

160 - 40 A " 
160 - 40 B " 160 - 40 D 21-pl.¥ 
160 ... 40 E II 

160 • 40 G " 
160 - 40 B • 
160 - 40 T 15-pq 

160 - 40 L 21-pl.J 
160 - 40 M " 160 - 41 A 
160 - 41 B 

" 
" II 

n 

250 f/i~Carver Pree• 

" Bookbinder0 1 cl~mpe 

" 
" 

plnte 

window 
1/4" Hercu11te 
wiudov 
1/411 Bercu.lite 
3/16 11 plate 
window 
window 

window 
1/4" :S. !'CUlite 
3/16 pli1te 
"11n4ov 

" 
" II 

" 
i~.etep proceH 

II 

4-ply lam1De.te 4BCC-lri5 
(cro1swiee) 0 Selectr~n 
5009. 

• 
" 

---------------------------------------··-
Badt'ie d Stael -------- -------------- - -- -----------·-·-

160 - 78 B 15-pl.J 045 in. 
160 - ?8 'N 21-pq .045 in. 
160 .. 78 B 15-pq 090 in. 
160 - 78 l 21-pl.7 090 in. 

-----~---------~------------------~------------------- ~---



GlaH~Doron 
A.P .. Webster 

subsequentl7 compared. lnitiall.7~ the conetant gun is !ired into 
the Ballistic Box \Hing only the atandard materiA.-1 between the labeo 
Let. the weight of the atRDdard nec•asary to just stop the lll11aile 0 

ioe•o the critical weight 0 be called Ao The gun ia then fired through 
the unknown aample backed up with the ntandard 0 all 1n the Ball1atic 
Boxo Let S denote tbe weight of the atendard materiel which 11 Juat 
required to atop the missile after it baa penetrated the ur.aknovn. The 

I . 

value of S 18 a measure of the remaining enera af'ter th \nkv.ow 
armor anmple is penetratedc Lot U denote the weight of the Wlknow 
armor 1aaple penetrated 0 ana tJ8 the weight of atendard material 
eq~ivalent to U in bullet resiatance for this te1to Then 

The per cent rating of the unknown armor plate is then ·given b7 

or 

p .. .!L 100 
u. 

p s .JL 100. 
A-S 

The critical weight of u.nlcnovn material to Just reeiet the ai1sile 
from the conetant cu.n ie then given by 

or 

Throughout thie work all weighte ee in pou.nde per equare foota 

.It vae. originall7 de1ired to ue~ 24 ST aluminum allo7 or 
Hadfield maagane1e ateel as the . atandardp but due to inabilit7 to pro­
cure utf'icient q\l8nt1t1ea of theee mate~ialao and turthero theae 



Glaea-Doron 
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aateriale did not lend Ghemaelves "911 to the Ballistic :Box ae they 
are too eae1l7 penetret.ed b)' 0 .. 30 caliber rifle f1reo it va decided 
to ~••Doran itself a~ the •tnn4a1~. Accordingl.70 requ.eat.vaa made 
to Arrq Service Vorc<r.a0 Oftic• of tho Qµarterma1ter Generalu and · 
through the k1n4nee11 ot. thia otf1cit m.f'f1c1ent Doron cut to 6 b;y 6 
lnchea equare to tit the &.ll1et1c Box waa delivered to the Bureau 
ot Me41o1ne and Surt,O?'J"o Table 2 listo thA code DWDbera Rnd de~ 
1cr1pt1on ct the Do ,·on \Ued as etanll.ardq 

4.. !if' ltB o1...!!f:'.tl.M_ Gl e11 Dor,'>n ht tbe ll l t c. Bo . .r; - The 
weight• of the imJ:.novn 1911plea of glaBB bonded to Doron wore calcu~· 
lated b7 the tor1u.la 

U' l!-} 0.08n ,,,. l3.,16t '" 0~25 f/tt2 

~hr.re 11 1& the mmber of pl7 ot Doronn t 11 the thickneea of the 
glaH 111 incha1 0 and to25 1• tlie &Terage weight ot the bond or the 
r.·terage weight of the cushion. The 11alu.e of Oo25 va1 obtained b7 
411e1cb1nc a nwnber of ae•ple•. and taking the average 41 fference 
batveen theee veightn and the wtigbt of gla11 plue Doron calculated 
·b1 o.,oBA plu .13,.16t: The value of o .. oe vu taken aa ·the average 
weight per equare·to:•t of one-pq Doron~ and the value of 13 .. 16 wa1 
taken ae the veight per aqu.ara f'ott ot a one inch thick piece of 
~la••· ~11 proceJure for weights waa adopted oecauee ot lack of 
accurate informat ~on on the veight:J of the 88S)llem ueedo !~he thick·· 
neH o.f the wind 1JW glae• waa nnt c.;_yen when the uple• were submit= 
ted.. Thia tb1c~3leH va1 eatimated. to be 0.116 1i.\chea and tho weight 
of window glaa,:i ae 1. 53 pouncla par aqu.are f~oto 

For tt.' puJ')>I>••• of calcula ii10111 u1i11« the :Sallil!.t ic Boxo 
on~ the veigU ot gla•• and Doron vae uaed for· l1 b the equat 10119 

in all caeetf but tho e in vhich ·th l1.nk~wn ·1 · ple wa.1 not penetrated. 
J'or theee ~·a•e• U vae taken a1 

u ~ o.oe <t> ·1' l3n 16t 
• 

Thi• syetem of halvin« the lae~ put;e ot pter1al 011 which the aialile 
va1 •topped vail u.aed throughout tbt1 vork0 a111ce it vaa :telt tluit thi 
ca~"e a clC)11er approxiaation to thC' true cr.\Ucal veighto For emple0 



TABLE 2 

R-926-~·2-l throuc,h R~926=2 .... l2 incln r. 42-pl.7 

n .... 1560 ... ft-3 throa&b R=-l560••TTc .. l4 incl. D 22-pJ..y 

R-1560~-.SS-.3 through R~l560~SS.~1'4 inclo 0 2~-ply 

R=SlO~F=l through R~D810=Fc.:~ incln !> 15-ply 

R~926~C-l through :&...926=C<•9 1.nol. 0 l600plT 

B=l494=E=3 through R~·l49+.-E=J.4 incl<~ .16-pl.T 

R-1494=1~ through R=l494=I=l4 incl., 0 15-plJ 

/ 
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if the bullet penetrated twc 16 p'.lT platen of Doron after penetrating 
the uDlcnown. and was stopped after striking the third Doron plate 0 the 
bullet trapped in the th1J•d zonev the rOBiduRJ. we1g.bt of Doron,, S0 11 
cal~lated aa ! 

s :: o.oe (32) ,,. oQoe (e) :: 3 ., 20 lbe ~ Jtt2· 

Table 3 swnmarizem the results and cHlculationa using the 
carbine0 110 gl'Rln bulle~ 0 1900 feet per aecondb ie ~ d greee y~ Et.nd 
zero degrees obliqu.i ty a1 the con1tru; t &QD. The gun 1111 fir~ d by hand 
from'a ranee of' 30 eet,, Lieut. Co111d1'. lli. L. Corey R(S)., USlffi did 11-
the tiring and collaborated in the teete reported here. 

Althou,:h the 181Dplee differed in (a) the kind of glas' ueed a1 
a t'aciag0 (b) the percent.age of gla11 and D0ron0 end (c) the presence 
or .abaence of a cushion0 it wa1 decided to average the results becaaee 
of the aimilarit7 and apparent coneiete~cy of the datao The average 
per cent ratin& of the Glaaa-Doron compared to Doron wan 59.87 0 and the 
average critJ,c.r:..l \f81ght ot Glass~Dorou to juot remlet the carbine vae 
3.46 poWlde per equare f~ot compared to 5.~6 pou.ndm par aquare foot for 
Doron alone. With the weight of the bond included the average critical 
weight of Glae1-Doron waa _3o70 lbs./ft2., and gives an average per cent 
rating of 64024 p·er cent. Early in th~ work it wam perceived that the 
addition of the cushion did not meaaurably increaee balli1tic perform-
ance but merely added to the weight of the sample. · 

Table 4 gives the results and celc~lationo using the Springfield 
rifle 8Ad o.m Oflliber M.2 (ball) aJDllU.z>.ition,, 150 graill bullet" 2700 feat 
per eeco11d11 zero dpgreea yaw and obliquit.7 a1 the constant gun. The 
~n ueed wa1 the Arm,y 01 Sniper rifle with tele1copic eigb.ta. The gun 
was fired at the Baliistic Box from a raJ¥.;e of 46 feet by Lie~to Comdro 
E~ L. Corey. · 

1'he aTerage per cent ru.ting of the Glau-Doron compared to 
Doron vn• 67.,86c end the aYeragt1 critict1l weight va1 9ol2 pou.nde per 
lquare foot compared to 13,44 pound~ per •qu.are foot for Doron aloneo 
With the bonding reain or cushion include~ the average critical weight 
wa1 9.37 lb•o/fto20 giving a per cent rating of 69.72. Theee reoulto 
are in !air agreement with those obtained from the carbine. 

5o Lu..ll!. of 'l'eeti~ Ste ~-D9.rou_~- llell _e~ic Box~- Table 
5 uummarize1 the reeult1 and cnlculationa-ua1og Hadfield manganese 
steel bonded to Doron. The weighta of the unknown sample were calcu~­
lated ae follows~ 

, 



c•ll- Gla•e-Doron 
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TABLlC 3 

k 

~ 
N i .. .. .. si ..... .... 

• . 0-- § I> N 
CPN .... k . gb i ~ . .. ~ 0 a· .. a 

..... ~ k 4H .... 1172 

i~ 
"4 0 ..,. __ 

N a o := ol J: 
.._ k 

0 • t: .... . 8 • Q.l~ .. .... 0 • .. ~ ~ I) u; I -·~ ~ -e: ... .._ .g .. ~ II ..... ~ .. . ..... «I 
~i ~ b ~ • a .... . J i:a 

.... § • .... 6> .. 0 .. ~ () 

;r ... 0 ,.., .. II .... . ... "' ... t:1 I 4) g. ... oi:a IU) ... 
<8 • Cl> • I • 8 8.o ~ Cl> 

Cl1 Po I ::::> rat Ile 0 t:> ~ 
com; - I 

( J>oron e.lone 5.76 
(160 - 40 A 2.73 5.,76 0.~60 5ol6 52.91 3.05 43.96 

• (160 ~ 40 D 3o21 5o76 0.60 Sol6 62021 3 .. 58 52934 
~ (160 - 40 I 2o73 5.76 1.20 4.56 59.87 3.45 43.96 
~ (160 - 40 3o0? 5.76 0 5.76 53.30 3,,0'1 32070 
~ (160 - 41 B 3o21 50'16 0.,88 4.88 65.78 3~79 52.34 

(160 - 41 A 3.,31 5.76 0 5.76 57e47 3.,31 40.48 
(160 - 4Q B 3.89 5.76 0 5.'16 67.53 3.89 26.73 

ATerage 59.87 3.46 410'19 
AYerage with ~o~d or cuehion 64.24 3 70 

TABLE 4 

a<noro olon~ 13.44 
~ ( 160 40 M 4.97 13.44 5.76 7.68 64.71 8.70 33.80 
-( 160 40R · 40L 6.42 13.44 4.40 9.04 71.02 9ot55 52.34 
~ ( 160 ~ 40G .., 40E 9.12 13~44 0 13.44 67 .86 9.12 36.84 - -- -- -

Average 67.86 9.12 40.99 
AYeraee with cu.ehlon 69.22 9 37 

• 
TABLB 5 

• (160 - 78 B 3.00 5.,76 2~64 3o·l2. 96.15 5 64 40.00 
~ (160 - ?8 F 3.48 5.76 2ol6 3.60 96.67 5 67 48028 
~(160 .. 78 E 4·.80 5o76 Oo8B 4088 98.36 5 67 25.00 
~ (160 - 78 I 6028 5o76 0.88 4.88 108.20 6 23 3lu82 

A.Terage 99.85' 5.76 36.28 
Average with bond 104.17 6.00 

CED 
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~here n end t are number of pl.1' for DOroD and thicknese of steel in 
inchee 0 reapectivel70 and 0~25 1• the average weight of tho bond~ For 
the initial calcu.latione in the table the weight of the bond wao not 
includedo Por the carbine the aYerfi'&e per cent rat1nt; wae 99~85 with..­
out th,e bond and 104., 17 vith the lSond. The 11.verage critical veig~t1 
are 5o75 without.end 5~00 with the bond~ For the M2 (ball) R.mmun1t1on 
the average per cent -ra-51q vltboa' the '.bond was ll?v41 at an average 
cr1t1c81 vei~t of 15n78 pounds per square foot 0 RD.d with the bond 
accowited for 0 ll9a27 per cent at a critical weight of 16.03 pou.n4e 
per aq11are footo 

6. Armor to top the...Q!!.~~ Coeuar d to Al'.mo to Stop tb!.; ~ 
(ball):- 111 all of. th1a worb: th rnt.i.o of the 1ght of , oi- nter1nl. 
reg8l'dles11 of the tn>eu to J11at stop the carb-ine to the weight of armor 
materiel to Just. stop the .M2 (ball) 1e ver1 close to the ro.tioa of the 
kinetic energies of the respective bulleteq The kinetic energy of the 
carbine0 110 grein bullet at 1900 feet per second 1• 881 foot-pounde 0 

and the kinetic ener1;7 bf the M2 (ball) 0 160 grain bullet at 2700 feet 
per second i 2426 foot-poundso We then'bave the following ratio•: 

!!&r.BY in cnrbiu = 88!_ - Oo363 
Energy 1o t2(b~~.l 2426 -

'}Joro for crtrbino - 5o76 - Oo429 I'>oron f e>r 2(be.ll) - 13 ... 44 -

. 
9le e-Doron for carbine - 3o45,.. 0.3'78 
Gle •-Dorm>. :tor !2("be l) - 9ol2 -

St! l-Dorou for carbin - 5.,'16: 0.364 Steel-Doron for M2(ball) - 15078 

It vae found 0 using Oo045 inch eheete of Hadfield manganeee 
et eel in the Balli •tic Box11 that 1 t req ired 9o 9 pounda per equare 

ot to .1u.st atop the carbine.. The' ght requJ,red for the M2 (ball) 
th n c lculated to be,9.9/0o363 z ~1 ~ ~? lb•~/fto2. 
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re1ts of bullet-reaiatant gls~a'a,ainat the N2 (ball) 
an approximate critical wight of 22 lbao tt2" The weight of 
alone ,or the carbine 11 then calculated to be approzimatel.7 
8 lblo/ft2,,. 

gave 
gla•• 

7., Sumnar:r o:"' Per Cent Sstinga and Criti<Ja.l 1'eighta of A:rinor tq 
Just Stop the Car~Bll9 tbe MZ (bnll)~· Table 6 given the average 
per cent raU.ngo of Glau-Doroiio Hedt~.eld 1tesl-Doron0 Doron s.loneo 
and Bad!ield eteel alone compared to Doron and to Hadfield eteel~ 
Weight of the bond haa been includedo 

----------. ----- Per cent RDtillC 

Materiel . l l!l!.:J.~ .... t _ _.__ ~o Doron r To flsC!f1eld. Steal 

Glaae,-Doron Carbine 64~2. 37,,4 
II II M2(bAll) _fil!.'!L~ ~4 

Hadfield Steel-Doron Carbine 104~2 60.6 
Ill II M2(bflll} l~ 58 8 

Doroii Cc·rbine ~8 ., 2 

• M2(bl'llll __ 49-.:t. 

Hadfield Steel Carbine 171.9 
II M2~b~.ll) 20~~i 

Table 7 give• the average critical weight• 1D pound• per 1quare 
foot for the Tar1oua material• f'gainet the c~rb1ne nnd the M2 (ball)o 
Weight of the bond hBe been included. 

TABLE 7 

___ _....Mtt.._t .... a:;:;r..,,i::.::H~l. ____ o;::;.::ar==-=b:.::ic;::o!l~! ___ H.2 {be.11) 

Glaa1-Doron 3.70 9.37 
Doron 5o76 13.44 

Hadfield Steel-Doron 6.00 16.03 
Cla11 8 • 22 

Hadfield Steel 9.90 27027• 
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Bo .!a_d!,Qated Experimental and l'J:lctics.1 ?rend pf J'9regoby; Wo rk~~ 
Insufficient data.are given to properl.7 evalua,te the influence of the 
type of glaaa '18ed ea a feeing for Doron. Apparently the three t;ypee 
te1ted9 window gla••n plate glass~ and Hercu.lite glaa showed ve'r7 
little difference under the method of testing ueedo The wiJldow glaee 
and the plate gla.sa eemed to ab.ow slight auper1or1t7 over Berculite 
but these difference• •81' be due to experimental error or to the 
va17111« percent.see• of gla•e and Doron in the combinationeo 

!bi• raiaes the interesting point of determining the optimwn 
ratio ot glaae to Doron tor llalCimUll ballistic etficienc70 To illuetrate 0 

I haye plotted what 1 have called a Ballistic·Be11etance Diagram (BBD). 
Thea~ 41agrame giv~ the critical weighta ae ordinatea for Tarioua per­
cent~• combination• of the two armor Dlllterialt a• abac1a1ae. Fig. 1 
is a BRD for glaea and Doron against the csrbine0 110 grain bullet at 
1900 feet per second: · The smooth curve through the data ha• been 
eketched in by 1nepection and more coaplete data ma7 alter it• shape~ 
Thi• di~ram 1ucgest1 that accurate &Jld coaplete data •81' be required 
to evaluate the propertie1·ot varioue combination. 

One can theorize cenerall70 aB follow•: A given armor matel'ial 
has a critical weight for a give~ •iHile of D0 po11n.ds per equare foot • 
.Another material, assumed harder than the tir1t 0 ha a critical weight 
for the same miesUe of G0 pound• per aquare foot. When the two 
aateriala are placed in appoaition with the herder 1ubstance toward 
the po1D.t of impact~ the critical weight becomes U which 1• less than 
D0 or Ge (whichever iB the la1·geet) for all percen~age combination• of 
the two ma.teriala~ Experi.mentall~~ lmD~1 ahould be .made of variou1 
materials in combination to Tield inforeation on the etfecta of va17ing 
phy1ical properties and to lead to determining m1n1aUlll weight of armor 
for maxim\Lll ball1et1c pertormanceD 

BRD 9 a ehould be prepared for steele o·f the pluramelt t7P• ae 
manufactured by the Alleghe~-lu.4lwa Steel Corporationp and for tao-... 
hardened armor plate of the tne a1 118Dufactu.red b7 the Diebold Safe 
and Lock Oo~pan7 to .4etera1ne the optimam· percentage of hard face to 
1ott back. 

Figure 2 18 a BRD for gla11 and Doron againet the M2 (ball) c 

150 grain bullet at 2700 feet per aecond~ and ?ig. 3 i1 a BRD for 
Hadfield 1teel and Doron aca1ntt the carbinen The BBDUa of,Fige. 
10 20 and 3 are not to be presU.ed exact but are merely illuatrative 
of· the potentialitie in this di~ection .. 

li'igilre 4 i1 ·.a co11pOeite of Jigs. 1 and .2 in which the critical 
weight• are plotted in pou.nds per square foot per toot-pound o! energy. 
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On the b1'Pothetical side we can argue that the kinetic ener17 
of the a1ea1le muat be absorbed by the armor 1n order to reaiat the 
m111ile. Actuall7 0 aome of the kinetic ener&Y of the moving proJectile 
goes into peraanent deformation of the ar11or 0 aome into permanent deform­
ation of the mi11ile 0 and the remainder into heat. Neglecting the energy 
to deform the miaaile it follows that't~e energy of the miaaileD E~ ma7 
be conaidered equ.al to the energy abaorbed b7 the weight of the f1rat 
material considered alone0 18, plua the ener17 absorbed by the aecond 
material conaid•red alone 0 Ed0 plua en additional quantity of energy due 
to the propertiea of the combinR.tiono Eg4

0 

. On e :tract iollftl bnai a , 

E A . G D 
t "" -CY : l - -- --

E Ge De 

and 

~here a ie the percentage of substance G and b it the percentage of D 
in the combination U0 and G0 nnd D0 are the critical weight• o! the two 
tubatance• cono14ere4 alone" 1 For 8%811ple 0 taking the average critical 
weight of Gla••-Doron to stop the carbine, 3o45 pound• per aqua.re foot 
at an aTerace per~entace of Doron of 41.79 0 ye ha.Te 2a01 pound• per 
1quare toot ot g~a11 and 1.44 pound• per aquare foot of Doron equiTalent 
to l8 pq .. 'l'he.u 

f - 1 - i:..Ql - l..:i.4i = 0.499 
- 8 5.76 
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For the M2 (ball) at U: 9012 0 b ~ 40.99 0 we have 

f - 1 §~~ ~ ~~- - 0.477 
- 22 13. 44 -

•or the carbine or the M2 (ball) at' the muzzle0 the energy absorbed 
du.e to the combination of glaaa and Daron ia appro:d.matel.7 49'/. of the 
total kinetic energy ot the bullet • . 

ObYioualyA the pb.ya1cal propertiee ot the two matariale mu.et 
be au.ch a to make lilgd a1 large as po11ible. l!Uture work lhould trend 
toward evaluating the physical propertie1 of facings and backing• which 
make llgd large. 

On the practical aide we have a maJor 41aadvanta&e of glasa­
Doron combination•. nS11el70 that of the ehatt•u-ing end pu.lverizinc of 
the gla11. In general0 the gla11 dQee not iplinter or produce aecoudar7 
mi11ilee 0 but rether 0 it pulverize1 end po~ders under impact. More 
caretu.1 work on the bonding resin 1 indicated to r'educe delMiDS.tion 
of the glaea when it 11 1truclc. Further 0 attempt• 1hould be made to 
coat the eurface of the glaa1 either with variot11 rea1n•u one ply Doron, 
one ply X7lon or eill1lar material in order to re&.i.ce overall f~y1ng ot 
gla11 debris when the armor 11 atru.ck. 

Glae1-J>oron arpaor ahould be thorougbl7 teated with 20 MM and 
40 MM fra«ment a and with the 7aw-c.'art to evaluate the optimum ratio 
of gla9a to Doron tor fr8«J11enta and to evaluate the efficiency of 
Glae1-D0ron compared to other material n BRDDe could.be prepared tor 
a cone tut veicht ot aaaple ~1th 11111t veloc1 tiea aa ordinates ~111at 
percentage coapoaition aa abacieeae. In add1t10110 BRD0a ehould ~e 
prepared for Gla11-Doro11 acainet v~r1oua pr0Jectile1 at varioua an&leo 
of obliquity. 

Apparentl70 the bonding resin or a cushion merely add• weight 
to the t1Elllple~ One can 1u.rmile that the cloaor the Doron 1 ·to the 
gla11 the more ettecti ve the detrueion. of the glAH will be in spread­
ing the impact o~er the surface of the DoronD The bond or cu1hion tend• 
to 1eparate the glass fJ"om the Doron allowing the glas1 to Mgive" be­
fore it ha• a che.nce to "preae• against the Doron~ Caretul work on ·tho 
bonding rea1n ie 1ucgested vith attempt to make the bond as thin aa 
po&11ble. 
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